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ABSTRACT: The Hells Canyon Complex (HCC) along the
Snake River (Idaho−Oregon border, U.S.A.) encompasses three
successive reservoirs that seasonally stratify, creating anoxic
conditions in the hypolimnion that promote methylmercury
(MeHg) production. This study quantified seasonal dynamics
and interannual variability in mercury concentrations (inorganic
divalent mercury (IHg) and MeHg) and loads at four reservoir
inflow and outflow locations through the HCC (2014−2017). We
observed (1) that the HCC is a net sink for both IHg and MeHg,
(2) interannual variability in IHg and MeHg loads largely reflecting
streamflow conditions, and (3) seasonal variability in particulate
IHg loading at the inflow (greatest from February to April) and
MeHg export from the outflow (greatest from September to
December) of the HCC. Seasonal export of MeHg was evidenced by increases in monthly mean concentrations of unfiltered MeHg
(approximately 2-fold) and the percentage of total mercury (THg) as MeHg (≥4-fold) coincident with reservoir destratification.
Despite evidence of seasonal export of MeHg from the HCC, annual loads indicate a 42% decrease in unfiltered MeHg from HCC
inflow to outflow. Results from this study improve the understanding of seasonal variability in mercury transport through and
transformation within a reservoir complex.

■ INTRODUCTION

Reservoirs are important freshwater aquatic environments for
the conversion of inorganic divalent mercury (IHg) to
neurotoxic methylmercury (MeHg).1−3 The methylation of
IHg is carried out by anaerobic bacteria (e.g., sulfate- or iron-
reducing bacteria) and archaea under conditions of low
dissolved oxygen and available labile organic matter.4−7

Conditions conducive to IHg methylation are common in
reservoirs, especially those which thermally stratify seasonally,
with a layer of warm, oxygenated water near the surface and
colder, anoxic or suboxic water at depth.8,9 Consequently,
mercury accumulates as MeHg in fish-tissue10 to elevated
concentrations in reservoirs compared to natural lakes,3 often
leading to fish consumption advisories and concerns for
wildlife and human health.
Important knowledge gaps are whether seasonally stratified

reservoirs act as a net source or net sink of MeHg to
downstream waters, and the fate of MeHg formed at depth in a
reservoir following reservoir destratification. Information on
these research areas are needed to (1) identify the downstream
environmental and human health impacts of reservoirs, (2)
guide reservoir management, and (3) inform regulators tasked
with developing total maximum daily loads (TMDLs) for
reservoirs. Spatial and temporal patterns of MeHg production

within a reservoir will be influenced by the inflow of IHg, labile
carbon, availability of terminal electron acceptors, and the
timing and duration of thermal and redox stratification, among
other variables.11,12 In contrast, the fate of hypolimnetic MeHg
released from a reservoir will be controlled by the timing and
duration of thermal destratification.8,13 Previous studies have
reported seasonally elevated MeHg concentrations at reservoir
outflow versus inflow locations,1,8,14,15 suggesting that MeHg
produced within a reservoir can be exported downstream.
MeHg accumulates in primary producers at significantly higher
rates than IHg.10 Reservoirs are effective environments for
trophic transfer of MeHg to fish16,17 compared to natural
lakes,3 in part due to elevated MeHg relative to total Hg (%
MeHg). Despite these observations, few studies have
quantified annual loads for IHg and MeHg to determine if a
reservoir is a source or sink of MeHg to downstream aquatic

Received: November 22, 2019
Revised: April 13, 2020
Accepted: June 30, 2020

Articlepubs.acs.org/est

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.est.9b07103
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

10
4.

22
0.

52
.6

2 
on

 J
ul

y 
24

, 2
02

0 
at

 0
4:

41
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Austin+K.+Baldwin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brett+A.+Poulin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+Naymik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+Hoovestol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+M.+Clark"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+P.+Krabbenhoft"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+P.+Krabbenhoft"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.9b07103&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07103?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07103?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07103?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07103?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07103?fig=tgr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07103?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


environments,18,19 or have assessed mercury behavior across
seasons or between years of contrasting hydrologic conditions.
This investigation presents an in-depth assessment of

concentrations and annual loads of different mercury species
through a reservoir complex impaired for mercury.20 We report
inflow and outflow mercury concentrations at high temporal
resolution under contrasting hydrologic conditions (i.e., high
vs low streamflow years) through the three reservoirs of the
Hells Canyon Complex (HCC). In addition, we report
calculated inflow and outflow loads for filter-passing and
particulate IHg and MeHg fractions. Results from this study
improve the understanding of seasonal variability in mercury
transport through and transformation within a reservoir
complex. Findings from this effort, in conjunction with
complementary ongoing research on the biogeochemical
factors affecting mercury transformations in the reservoir
complex, will inform conceptual and quantitative models
designed to predict mercury behavior in the HCC under
various reservoir management scenarios and hydrologic
conditions.

■ METHODS

Study Area. The HCC consists of three hydroelectric
reservoirs, built between 1958 and 1967, spanning approx-
imately 90 river miles (145 km) of the Snake River along the
Idaho−Oregon border (U.S.A.).21 Upstream to downstream,
the reservoirs are Brownlee, Oxbow, and Hells Canyon (Figure
1). Brownlee Reservoir is the largest of the three reservoirs in
surface area (61 km2), length (93 km), and volume (1752
million m3), is the deepest (maximum depth of 91 m), and has
the longest retention time (34 days; Supporting Information,
SI, Table S1). Oxbow Reservoir is the smallest of the three
reservoirs by all the same measures. Water levels commonly
fluctuate by 15 m (up to 30 m maximum) in Brownlee
Reservoir, mostly associated with flood control.21 Water-level
fluctuations in Oxbow and Hells Canyon Reservoirs are limited
to approximately 1.5 m. A description of the study basin is
provided in the SI.
The Snake River transports nutrients, organic matter,

sediment, and mercury and other contaminants from the
basin into the HCC.21 In the early summer, the warming of
both incoming water and the reservoir surfaces causes
Brownlee and Hells Canyon Reservoirs to thermally
stratify;21,22 Oxbow Reservoir does not thermally stratify
because of the shallower depth. Concurrent with thermal
stratification of Brownlee and Hells Canyon Reservoirs is the

decomposition of allochthonous and autochthonous organic
matter, resulting in dissolved oxygen utilization at depth in the
reservoirs. By July or August, Brownlee and Hells Canyon
Reservoirs are typically completely stratified and anoxic
throughout the hypolimnion and in parts of the metalimnion.
In Brownlee Reservoir, the anoxia may extend from the dam
(River Mile 285) up to River Mile 323, approximately 38 miles.
Seasonal water-column sampling of these reservoirs has shown
that MeHg concentrations in the metalimnion and hypo-
limnion are greater during periods of stratification.20 The
breakdown of thermal stratification in Brownlee Reservoir
begins as early as August and is typically complete by late
December.22 The fate of the MeHg accumulated within the
stratified reservoirs is unclear during and after destratification.
Fish-tissue data from the complex show that hypolimnetic

MeHg is entering the food web: 31% of smallmouth bass
collected in 2013 within the HCC and up to 60 miles
downstream exceeded the State of Idaho human health fish-
tissue criterion for mercury (0.3 mg/kilogram wet weight),20

compared to 0% of smallmouth bass collected ∼177 km
upstream of the HCC in the same year.23 There is interest in
understanding bioaccumulation within the reservoirs and the
potential downstream export of MeHg to the lower Snake and
Columbia Rivers. These rivers support populations of
economically and culturally important fish species such as
bull trout (Salvelinus conf luentus) and fall Chinook salmon
(Oncorhynchus tshawytscha), both listed under the Endangered
Species Act, and white sturgeon (Acipenser transmontanus).

Sample Collection and Analysis. Water samples were
collected at four locations representing the inflow and outflow
of the three HCC reservoirs (Figure 1). From upstream to
downstream, these locations were Brownlee Reservoir Inflow
(Brownlee Inflow), Brownlee Reservoir Outflow (Brownlee
Outflow), Oxbow Reservoir Outflow (Oxbow Outflow), and
Hells Canyon Reservoir Outflow (Hells Canyon Outflow).
Mean daily streamflow data for Brownlee Inflow and Hells
Canyon Outflow were from USGS streamgage stations
13269000 and 13290450, respectively.24 Mean daily stream-
flow data for Brownlee Outflow and Oxbow Outflow were
from Idaho Power Company. Samples were collected biweekly
from October 2013 through December 2017 (n = 100−103
per location), with breaks in January to February 2015 and
January 2016 when sampling was not possible because of harsh
weather conditions.
Samples were collected and processed using ultraclean trace-

metal protocols.25 Collection methods included depth-
integrated and grab sampling, depending on location (details

Figure 1. Sampling locations shown on a longitudinal cross-section view of the three reservoirs of the Hells Canyon Complex (HCC), Idaho−
Oregon border, U.S.A. BL, Brownlee; OX, Oxbow; and HC, Hells Canyon.
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in the SI). Samples were stored in the dark on ice, and within
24 h of collection were passed through a quartz fiber filter (0.7
μm pore size, precombusted 550 °C) to isolate the particulate
and filter-passing fractions for THg and MeHg quantifica-
tion.26 Particulate fractions were frozen at −20 °C on the filters
and stored in the dark. Filter-passing fractions were stored in
Teflon bottles and acidified to 1% volume-to-volume with
ultraclean hydrochloric acid.
Samples collected October 2013 through June 2014 (n =

94) were analyzed for filter-passing and unfiltered THg and
MeHg by Battelle Marine Sciences Laboratory (Battelle) in

Sequim, Washington. THg was analyzed using cold vapor
atomic fluorescence spectrometry (CVAFS) according to U.S.
EPA Method 1631, Revision E.27 MeHg was analyzed
according to U.S. EPA Method 1630.28 Particulate THg
(THgP) and MeHg (MeHgP) were calculated by subtracting
the filter-passing concentrations from the unfiltered concen-
trations.
Samples collected from June 2014 through December 2017

(n = 306) were analyzed for filter-passing and particulate THg
(THgF, THgP) and MeHg (MeHgP, MeHgF) by the USGS
Mercury Research Laboratory (MRL) in Middleton, Wiscon-

Figure 2. Concentrations of filter-passing divalent inorganic mercury (IHgF), particulate divalent inorganic mercury (IHgP), filter-passing
methylmercury (MeHgF), and particulate methylmercury (MeHgP), and unfiltered MeHg as a percentage of unfiltered total mercury (%MeHgU) at
the Hells Canyon Complex reservoir inflow and outflow locations, October of 2013 through December of 2017. Number of samples per month =
3−12. Box plots present median and quartile ranges of constituent concentrations or fractions (n = 3−12), whiskers extend 1.5× the interquartile
range, and outliers are shown as points. Pink arrows identify the September increase in MeHgF and %MeHgU at outflow locations, and blue arrows
identify the December increase in MeHgF and %MeHgU at Hells Canyon Outflow. [BL, Brownlee; OX, Oxbow; HC, Hells Canyon].
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sin. THg was analyzed using USEPA Method 1631, Revision
E,27 with modifications by the MRL.26 MeHg was analyzed
according to U.S. EPA Method 1630,28 modified as described
in USGS Open-File Report 01−44529 to use Hg isotope
dilution and inductively coupled plasma mass spectrometry
detection for improved low-level detection. Unfiltered THg
(THgU) and MeHg (MeHgU) were computed by adding the
filtered and particulate fractions. Inorganic Hg (IHg)
concentrations (IHgP, IHgF) were calculated by subtracting
MeHg from THg for particulate and filter-passing fractions,
respectively. The quality control/quality assurance (QAQC)
section in the SI details a comparison of duplicate samples
analyzed by both Battelle and the MRL (Figure S1) and results
of field blanks and field replicates.
Vertical profiles of water temperature and dissolved oxygen

were measured in Brownlee Reservoir at River Mile 286, one
mile upstream of Brownlee Dam, to provide information on
the stratification state of Brownlee Reservoir. These data were
collected up to three times per month through the spring,
summer, and fall months of the study period. In winter months
profiles were collected infrequently because of harsh weather
conditions and icy boat ramps.
Data Analysis. Historical streamflow statistics for

Brownlee Inflow were computed using the period 1968−
2017, as most of the upstream reservoirs affecting streamflow
were completed by 1968. R software packages dplyr and stats
were used to compute summary statistics and streamflow
percentiles.30,31

Analytical results less than the daily detection limit (DDL)
for mercury were substituted at one-half the DDL for all
analyses except load estimation (described in the SI). An
assessment of whether the use of one-half DDL substitution
biased the results is described in the SI. Inorganic divalent
mercury (IHg) concentrations were computed by subtracting
MeHg from THg concentrations, using one-half the DDL for
values below the DDL.
Interannual variability in mercury concentrations was

assessed using the Kruskal−Wallis multiple comparisons test
(p < 0.05; using the kruskalmc function in the R package
pgirmess32). Other comparisons, such as those across sites or
across months, are observational. The percentage of THgU as
MeHgU (%MeHgU) was used as an indicator of in-reservoir
processes influencing MeHg abundance (i.e., methylation and
demethylation). An increase in %MeHgU from inflow to
outflow was interpreted to indicate net methylation within the
reservoir, and a decrease indicated net loss terms (e.g.,
demethylation,11,33 sedimentation).
Daily and annual loads were estimated for each site and

constituent using rloadest,34 an R software package based on
the FORTRAN program LOADEST35 (details provided in the
SI). For each constituent, a mean daily load was computed for
each site over the four-year period January 2014 to December
2017 using the rloadest-estimated daily loads. Daily load
estimates for 2013, which were limited to October to
December, were excluded from the mean daily load calculation
to avoid biasing results toward those months. Net gains or
losses in mean daily loads through each reservoir were
computed by subtracting the outflow from the inflow.
Brownlee Outflow is considered the inflow to Oxbow
Reservoir, and Oxbow Outflow is considered the inflow to
Hells Canyon Reservoir. Load estimation model diagnostics
are provided in SI Table S2. Model coefficients of
determination (R2) ranged from 34.4 to 94.2, with a median

of 81.4 (p-values on all models were <0.0001). The load bias
statistic (Bp) and the partial load ratio (PLR) both indicated
minimal over- or under-estimation in the majority of models:
the Bp was less than ±10% for 35/36 models, and the highest
Bp was 15.9%.
All data collected as part of this study are publicly available

from the USGS National Water Information System.24

■ RESULTS
Streamflow. The streamflow of the Snake River at

Brownlee Inflow varied considerably during the study period.
Annual mean daily streamflow ranged from 289 m3/s in 2013
to 717 m3/s in 2017. For comparison, the historical annual
mean daily streamflow was 492 m3/s (1968−2016; minimum
251 m3/s, maximum 956 m3/s). The greatest interannual
variability occurred during the March to June period, when
2017 streamflows were historically high, and 2015 streamflows
were historically low (SI Figure S3). Mean daily streamflows in
March through May of 2017 were ≥90th percentiles of
historical flows, as compared to the ≤14th percentiles in
2015. In the autumn and winter months, streamflows were
generally low in 2013−2016 and moderate in 2017 as
compared to historical records.

Seasonality in Mercury Concentrations. Over the study
period (October 2013 to December 2017) concentrations of
IHgU, IHgP, and IHgF at Brownlee Inflow averaged 1.89 ng/L,
1.35 ng/L, and 0.55 ng/L, respectively, but varied considerably
by season. Monthly median concentrations dramatically
increased from January to February, were greatest in February
(IHgU, 4.36 ng/L; IHgP, 3.72 ng/L) and March (IHgF, 0.80
ng/L), and gradually decreased through the summer months to
the lowest levels in November (IHgU, 0.60 ng/L; IHgP, 0.26
ng/L) and December (IHgF, 0.24 ng/L) (Figure 2a,e; SI Table
S5). The same seasonal patterns of IHgU,IHgP, and IHgF
observed at Brownlee Inflow were observed at the three
reservoir outflow locations, but at lower concentrations (Figure
2). Monthly median IHgU, IHgP, and IHgF concentrations at
reservoir outflow locations were highest in March and April
(IHgU, 0.90−0.96 ng/L; IHgP, 0.22−0.37 ng/L; IHgF, 0.47−
0.65 ng/L) and lowest in September to January (IHgU, 0.31−
0.41 ng/L; IHgP, 0.09−0.17 ng/L; IHgF, 0.19−0.25 ng/L)
(Figure 2a−h; SI Table S5). The seasonal behavior of THg
across the HCC were comparable to that of IHg (THg results
provided in SI Table S5).
Concentrations of MeHgU, MeHgP, and MeHgF at Brownlee

Inflow averaged 0.106 ng/L, 0.068 ng/L, and 0.038 ng/L,
respectively, over the study period. MeHgP concentrations at
Brownlee Inflow followed the seasonal pattern observed in IHg
concentrations, with monthly medians being highest in
February (0.230 ng/L) and lowest in November (0.014 ng/
L; Figure 2m; SI Table S5), likely driven by differences in
suspended particle concentration. The seasonal pattern in
MeHgP concentrations at reservoir outflow locations was
distinctly different from that at Brownlee Inflow. Specifically,
MeHgP concentrations exhibited no seasonal pattern and were
not statistically different across most months (Figure 2n−p; SI
Table S5). MeHgF concentrations at Brownlee Inflow
exhibited a seasonal pattern distinct from that observed for
other mercury fractions, with concentrations gradually
increasing through spring and reaching a maximum in July
(median 0.060 ng/L), then gradually decreasing through
autumn to reach a minimum in January (median 0.013 ng/L)
(Figure 2i; SI Table S5). However, this seasonal pattern was
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not observed at Brownlee Outflow. Rather, median MeHgF
concentrations at Brownlee Outflow exhibited a marked
increase between August and September (0.040 to 0.067 ng/
L), followed by a decrease of similar magnitude from
September to October (0.067 to 0.032 ng/L) (Figure 2j,
pink arrow; SI Table S5). The September median MeHgF
concentration at Brownlee Outflow was 52% greater than that
at Brownlee Inflow. The marked increase in MeHgF
concentrations between August and September at Brownlee
Outflow was also observed at Oxbow Outflow and Hells
Canyon Outflow, albeit to a lesser degree (Figure 2k,l, pink
arrows; SI Table S5). At Hells Canyon Outflow, we observed
elevated MeHgF concentrations in December (median of 0.062
ng/L; Figure 2l, blue arrows) that exceeded Oxbow Outflow
by 59%, Brownlee Outflow by 94%, and Brownlee Inflow by
343%.
IHg and MeHg were predominantly present in the

particulate phase at Brownlee Inflow and in the filter-passing
phase at the three reservoir outflow locations (average of
61.8% and 58.3%, respectively, n = 103; SI Figure S4; SI Table
S7). At Brownlee Inflow seasonal variation was observed in the
percentage of IHg and MeHg in the particulate versus filter-
passing phases, with the percent particulate exhibiting maxima
in January (MeHg, mean 84.4%, n = 4) or February (IHg,
80.0%; n = 4), a decreasing trend through spring and summer,
and minima in November (42.0% and 43.1% for IHg and
MeHg, respectively; n = 12). At the three reservoir outflow
locations, IHg and MeHg were primarily in the filter-passing
phase (% particulate mean values of 35.1−41.1% and 36.3−
39.9%, respectively, across all samples, n = 100−102) and

exhibited less seasonal variability compared to Brownlee
Inflow.
The percentage of THgU as MeHgU (%MeHgU) varied by

site and season, averaging 6.5% at Brownlee Inflow (n = 103),
12.0% at Brownlee Outflow (n = 102), 11.4% at Oxbow
Outflow (n = 102), and 10.2% at Hells Canyon Outflow (n =
100). The greatest variability in %MeHgU was observed in
Brownlee Reservoir (i.e., between Brownlee Inflow and
Brownlee Outflow), where median %MeHgU exhibited modest
increases (<4.2 percentage points) between January and
August (Figure 3a-3h) but dramatic increases (7.6−12.9
percentage points) in September, November, and December
(Figure 3i,k,l; SI Table S9). The greatest %MeHgU increases
from the inflow to outflow of Brownlee Reservoir typically
were observed in September, when median %MeHgU increased
from 7.2% to 20.1% (Figure 3i). A similar increase in %MeHgU
from Brownlee Inflow to Outflow was observed in December,
when median%MeHgU increased from 3.4% to 15.3% (Figure
3l). Changes in %MeHgU through Oxbow and Hells Canyon
Reservoirs were relatively minor: between January and
September, %MeHgU typically decreased from inflow to
outflow by up to 6 percentage points; and, between October
and December, %MeHgU was typically unchanged or modestly
increased from inflow to outflow (Figure 3; SI Tables S8 and
S9).

Interannual Variability in Mercury Concentrations.
The interannual variability in mercury concentrations at each
site was assessed using the Kruskal−Wallis multiple compar-
isons test (p-value <0.05). The statistical significance of each
year-to-year comparison is shown in SI Figure S4 and Figure 4.

Figure 3. Percentage of unfiltered total mercury as methylmercury (%MeHgU) by month at Hells Canyon Complex inflow and outflow locations,
2013−2017. Each line represents a sampling event. Sampling locations are ordered upstream to downstream, left to right.
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At all sites, IHgU concentrations primarily reflected differences
in streamflow. Higher streamflows in 2017 (March to June, SI
Figure S3) corresponded with higher concentrations of IHgU,
and low streamflows in 2015 corresponded with low
concentrations of IHgU (SI Figure S5, SI Table S6). The
effect of streamflow on MeHgU concentrations was less clear.
MeHgU at Brownlee Inflow was highest in a moderate
streamflow year (2014) as compared to other study years
with both historical high (e.g., 2017) and historical low (2015)
flows. MeHgU concentrations at the three outflow locations
were modestly higher in 2017 as compared to 2014−2016 (SI
Figure S5).
To understand the influence of streamflow on MeHg export

from the HCC, we evaluated MeHgF and MeHgP concen-
trations during the time period associated with reservoir
destratification (September to December; SI Figure S6).22 At
Brownlee Inflow, there were no significant differences in
MeHgF concentrations from September to December between
2014 and 2017, despite significant year-to-year differences in
streamflow (Figure 4a,e and SI Figure S3). From September to
December, MeHgF concentrations at the three reservoir
outflow locations were more variable than at Brownlee Inflow,
but no trend between MeHgF concentration and streamflow
was observed. For example, MeHgF concentrations at
Brownlee Outflow were elevated under both low- (2015)
and high-flow years (2017; Figure 4b,f), suggesting that the
streamflow conditions were not the primary controlling factor
on MeHgF export from the reservoir complex. MeHgP
concentrations in September to December at Brownlee Inflow
were highest in 2014, a moderate streamflow year (Figure 4i).
However, MeHgP concentrations at the three reservoir outflow
locations were highest in 2017 (Figure 4j−l), the high flow
year, suggesting a positive relation with streamflow.

Mean Daily Mercury Loads. Mean daily loads were
estimated for the four-year period January 2014 to December
2017. The mean daily load of IHgP was 70.5 g/day at Brownlee
Inflow and 18.4 g/day at Brownlee Outflow, which represents
a net loss of 52.2 g/day through Brownlee Reservoir (Figure 5;
SI Tables S10 and S11). Downstream of Brownlee Outflow,
the mean daily load of IHgP incrementally increased, to 19.6 g/
day at Oxbow Outflow and 25.0 g/day at Hells Canyon
Outflow. The observed IHgP load increases are attributed to
IHgP contributions from side tributaries or nonpoint overland
flow and/or sediment resuspension within reservoirs. Through
the entire HCC, the mean daily load of IHgP decreased by 45.6
g/day. The mean daily load of IHgF was 28.2 g/day at
Brownlee Inflow and 21.3 g/day at Brownlee Outflow,
resulting in a net loss of 6.91 g/day through Brownlee
Reservoir. The mean daily load of IHgF remained constant at
Oxbow Outflow and Hells Canyon Outflow. Through the
entire HCC, the mean daily load of IHgF decreased 7.32 g/day.
The mean daily load of MeHgP decreased from Brownlee

Inflow (2.91 g/day) to Brownlee Outflow (1.06 g/day),
resulting in a net loss of 1.85 g/day. Downstream of Brownlee
Outflow, the mean daily load of MeHgP decreased slightly at
Oxbow Outflow (0.95 g/day) and remained constant at Hells
Canyon Outflow (0.96 g/day). Through the entire HCC, the
mean daily load of MeHgP decreased 1.95 g/day. A modest
increase in the mean daily load of MeHgF was observed from
Brownlee Inflow (1.52 g/day) to Brownlee Outflow (1.75 g/
day), followed by small, incremental decreases at Oxbow
Outflow (1.71 g/day) and Hells Canyon Outflow (1.63 g/
day). Through the entire HCC, the mean daily load of MeHgF
increased by 0.11 g/day.

Interannual Variability in Mean Daily Mercury Loads.
Constituent loads are partially dependent on streamflow, and
therefore mercury loads varied considerably between the years

Figure 4. Streamflow and concentrations of filter-passing (MeHgF) and particulate methylmercury (MeHgP) at Hells Canyon Complex inflow and
outflow locations, 2014−2017. Streamflows are daily means for the entire year and are in cubic meters per second (m3/s). Concentrations are
discrete samples between September and December only (n = 8−9 per site per year) and are in nanograms per liter (ng/L). Boxplots present
median and quartile ranges, whiskers extend 1.5× the interquartile range, and outliers are shown as points. Boxplot labels (“A”, “B”, “C”) indicate
which years are statistically similar (those sharing a common letter) and statistically different (those not sharing a common letter) using the
Kruskal−Wallis multiple comparisons test (p-values <0.05). [BL, Brownlee; OX, Oxbow; HC, Hells Canyon].
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of this study. The historically high and low streamflows
observed in 2017 and 2015 (annual means of 717 m3/s and
292 m3/s, respectively), likely approximate upper and lower
bounds for mercury loads in the HCC. Annual mean daily
loads of IHgU at Brownlee Inflow ranged by greater than 6-fold
from 36.1 g/day (2015) to 247 g/day (2017) (SI Figure S7; SI
Table S12). IHgU loads were lower at the three outflow
locations, ranging from 13.4 to 14.3 g/day in 2015 to 106−146
g/day in 2017. Annual mean daily loads of MeHgU at Brownlee
Inflow ranged from 2.71 g/day in 2015 to 8.14 g/day in 2017,
a 3-fold difference. MeHgU loads were lower at the three
outflow locations, ranging from 1.58 to 1.93 g/day in 2015 to
4.83−6.03 g/day in 2017. Annual mean daily loads of the filter-
passing and particulate fractions are provided in SI Table S12.

■ DISCUSSION
This study described the occurrence and transport of mercury
through the three reservoirs of the HCC and provides an
assessment of the fate of MeHg accumulated in the water
column following seasonal destratification. We report that (1)
on an annual basis, the HCC is a sink for both IHg and MeHg,
primarily due to retention of particulate material in Brownlee
Reservoir (Figure 5); (2) there was a distinct increase in IHgp
loading into the HCC between February and April and in
MeHgF export from HCC between September and December
(Figure 2, 4); and (3) hydrologic conditions influence
interannual variability in mercury loads to and from the

HCC and potentially MeHgF releases between September and
December (Figure 4 and SI Figure S7). We interpret the
seasonal increase in MeHgF export from primarily Brownlee
Reservoir to be a result of reservoir destratification (SI Figure
S6).22

The concentrations of THgU entering the HCC at Brownlee
Inflow (median 1.34 ng/L) were moderate as compared to
other streams in the U.S.A. (median 2.09 ng/L, n = 336),36

despite mining-related mercury contamination in upstream
sub-basins of the Snake River (e.g., the Owyhee Mountains37).
The behavior of IHgP and IHgF upgradient and within the
HCC (e.g., transport and aqueous-particulate partitioning) are
likely controlled by interactions with POC and DOC,
respectively.38 MeHgU concentrations entering the HCC
(median 0.09 ng/L at Brownlee Inflow) were comparable to
those in other streams in the U.S.A. (median 0.11 ng/L, n =
337).36 Similarly, MeHg concentrations at the Hells Canyon
Outflow were moderate compared to other rivers even in the
months with the highest MeHg concentrations (September
and December). However, %MeHgU in the HCC was elevated
compared to streams across the conterminous USA (MeHgU
nationwide median of 4.6%, n = 32836), especially at the three
reservoir outflow locations. The median%MeHgU at Brownlee
Inflow, Brownlee Outflow, Oxbow Outflow, and Hells Canyon
Outflow for the period of study was 6.3%, 10.3%, 10.5%, and
7.0%, respectively. Monthly median %MeHgU levels at
reservoir outflow locations were as high as 20.1%, and the
maximum of discrete samples was 57.2% (Figure 2r−t; SI
Table S8), which likely explains the observed increased in fish
mercury levels in the reservoir complex.20 We interpret the
increase in %MeHgU (Figure 2q−t) and MeHgF concentration
(Figure 2i−l) from inflow to outflow to reflect the seasonal
export of MeHg produced within the HCC. Similar
observations have been made in Cottage Grove Reservoir
(Oregon), where the %MeHg was shown to correlate with
higher methylation rates within the reservoir.11

We propose that the observed seasonal variation in MeHg in
the HCC is primarily driven by the seasonal stratification and
destratification of Brownlee Reservoir (SI Figure S6).
Brownlee Reservoir has the largest capacity of the three
reservoirs and the largest volume of anoxic water (SI Table
S1). Water column temperature and dissolved oxygen profiles
of Brownlee Reservoir show onset of vertical stratification
around late March and continuing through August,22 providing
a long period for potential MeHg production.20 Around
September, cooler water from the Snake River flows into
Brownlee Reservoir and beneath the warm epilimnion,
displacing the anoxic water in the upgradient portion of the
reservoir and eroding the metalimnion.22 In the fall
(November or December), cold Snake River inflow water
erodes the anoxic hypolimnion, resulting in complete
destratification of Brownlee Reservoir (SI Figure S6).22 We
attribute periods of destratification of Brownlee Reservoir
(September through December) to the coincident increases in
MeHgF concentrations and %MeHgU observed at Brownlee
Outflow (Figure 2i,m,q). These findings support that a
substantial portion of MeHg exported from the HCC in
September through December is produced at depth in
Brownlee Reservoir and subsequently transported through
Oxbow and Hells Canyon Reservoirs downstream to the Snake
River. It is unlikely that MeHg desorption from particles
contributed to the observed increase in MeHgF in the water
column based on previous studies of MeHg partitioning.39,40

Figure 5. (a) Estimated mean daily loads of particulate and filter-
passing divalent inorganic mercury (IHg) and methylmercury
(MeHg) at Hells Canyon Complex (HCC) inflow and outflow
locations, 2014−2017, and (b) the net gain (+) or loss (−) of
mercury loads from reservoir inflow to outflow and the entire Hells
Canyon Complex. [BL, Brownlee; OX, Oxbow; HC, Hells Canyon;
and HCC, Hells Canyon Complex].
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We tentatively ascribe elevated concentrations of MeHg at
outflow locations in September to partial destratification, and
in December to complete destratification of both Brownlee
and, to a lesser extent, Hells Canyon Reservoirs. On the basis
of these interpretations, we posit that observed differences in
the timing of MeHg export from the HCC across years of this
study reflect temporal differences in the onset and conclusion
of destratification in Brownlee Reservoir (Figures 3 and 4).
Further, the magnitude of MeHg export from the HCC will
likely depend on a multitude of biogeochemical factors
controlling hypolimnetic MeHg accumulation,11,12 including
IHg availability (e.g., effects of DOC), the availability of
carbon and terminal electron acceptors, physical conditions
that influence microbial rates (e.g., hypolimnion temperature),
and the duration of stratification. Ultimately, biogeochemical
factors controlling MeHg accumulation and limnologic factors
controlling reservoir stratification and destratification will
govern interannual variability in MeHg export from the
HCC. The fate of MeHg exported from the HCC to the
Snake River is unknown at this time.
Despite evidence for seasonal MeHg production and export,

the HCC on an annual basis acted as a net sink for MeHg. On
average, only 58% of the MeHgU load entering the HCC at
Brownlee Inflow exited the HCC at the Hells Canyon Outflow
(Figure 5). Most of the net retention of MeHgU within the
HCC was attributable to a decrease in the load of MeHgP in
Brownlee Reservoir (−1.85 g/day). MeHgF increased (0.11 g/
day) through the HCC. The net retention of MeHg through
the HCC likely results from a combination of in-reservoir
processes, most notably sedimentation as evidenced by
reductions in MeHgP loads from Brownlee Inflow to Brownlee
Outflow (SI Tables S5 and S10). However, the net retention of
MeHg in Brownlee Reservoir may also reflect biotic uptake
and degradation from biotic demethylation41 and photo-
demethylation.42 Streamflow in the Snake River was an
important factor in the interannual variability in Hg loads to
and from the HCC. IHgU and MeHgU loads throughout the
HCC were several times greater in high streamflow years as
compared to low streamflow years.
The influence of the HCC on mercury accumulation in

downstream fish and other biota is not clear. Mercury
concentrations in water are not always a good predictor of
biological uptake,43,44 in part due to mercury levels in fish
reflecting previous exposure and the physical movement of
fish.12 Further, export of mercury in filter-passing and
particulate fractions does not account for mercury export by
fish and plant material, the relative importance of which are
unknown at this time. Downstream environmental impacts of
the HCC will depend on the temporal behavior in mercury
export (concentration, %MeHg) of abiotic (water, particles)
and biotic pools (zooplankton, fish).13,45,46

The results presented here provide an in-depth under-
standing of mercury concentrations and loads through the
HCC. Annually, the HCC acts as a net sink for both THg and
MeHg, despite seasonal export of MeHgF coincident with
reservoir destratification. Complementary ongoing research
efforts aim to identify the biogeochemical factors responsible
for mercury transport, aqueous-particulate partitioning, meth-
ylation, and biotic uptake within the reservoirs. Together,
results will inform both conceptual and quantitative models
designed to predict mercury behavior in the HCC under
various reservoir management scenarios and hydrologic
conditions, and may provide insight into the processes

influencing mercury behavior in other reservoirs in the arid
western U.S.A.
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